Abstract-The emergence of carbon nanotube-copper composite conductors has opened a new degree of freedom in the electric machine design to improve the machine's performance: the conductivity of the winding. The goal of the present study is: 1) to determine how much improvement in power per unit volume and performance can be achieved with the increase in winding conductivity; and 2) to investigate any physical limitations on the effectiveness of this degree of freedom in improving the power per unit volume and performance of electric traction motors. Conventional electric motor topologies affected by ferromagnetic saturation as well as slotless topology that is not affected by saturation are analyzed. It was found that the ferromagnetic saturation of the lamination materials reduces the effectiveness of highly conductive winding in improving the power per unit volume. For machine topologies that are not affected by ferromagnetic saturation, the power density improvement reaches the theoretical expectation. In both cases, highly conductive winding improves the efficiency map by enlarging high efficiency operating area into light load as well as high speed operations.
I. INTRODUCTION
The use of carbon nanotube (CNT) incorporated Copper (Cu) composite conductors (CNT-Cu) in winding of electric machines have gained significant interest in the recent years [1] , [2] , [3] . In fact, these materials open a new degree of freedom in the electric machine design that can potentially improve the machine's performance: the conductivity of the winding. Processes have been developed to produce samples of these composite conductors that achieved electrical conductivities up to 30% higher than Cu [4] . Recently a process of coating one side of a Cu foil with a CNT layer has been developed and 7% higher conductivity than Cu was achieved at 150 o C [3] .
Briefly, production of Cu-CNT tapes starts with deposition of aligned and uniform CNT coatings using solution-based commercially viable practices followed by homogeneous deposition of thin film of Cu overlayers onto CNT-coated Cu tapes, and post-thermal treatment procedures to produce multilayer Cu-CNT composite architectures. The same process can be used to coat the two sides of the Cu foil and potentially achieve 14% increase in conductivity compared to pure Cu. The process can also be extended to round Cu wires to fabricate multistrand Cu-CNT conductors. Another process to fabricate CNT-Cu composite conductors has been developed in [4] . Produced sample demonstrated a conductivity 28% higher than Cu at 150 o C. The present study analyzes the impact of using such higher conductivity composite conductors for the winding of traction motors. Three motor types are studied: 1) a spoke internal permanent magnet motor (IPM) with distributed winding; 2) an outer rotor surface permanent magnet motor (SPM) with tooth winding, and 3) a slotless outer rotor SPM with distributed winding. While the ferromagnetic saturation affects the former two topologies, it does not influence the latter. Traction motors with Cu as well as Cu-CNT windings, with potentially achievable conductivities of 14% and 28% higher than Cu, are designed and compared. In addition, motors using hypothetical materials with conductivities 50% and 100% higher than Cu are also designed and included in the comparison. Although such materials currently do not exist and may not be achievable in the near future, they were included in our analysis since the goal of the present study is to determine the improvement levels as well as limitations in the power density and performance of electric traction motors through the use of highly conductive winding conductors.
II. FABRICATION AND CHARACTERIZATION OF ULTRACONDUCTING CU
To date a few promising Cu-CNT composites with conductivities increased by 30% compared to the International Annealed Cu Standard have been demonstrated, but only on short sample pieces (μm-mm) [4] , [5] , [6] . Further improvements on these composites have been hampered by poor fundamental understanding of Cu-CNT interactions affecting bulk electrical and thermal transport properties. Besides, most of the present processing strategies are unstable (leading to inconsistent results) and are limited to laboratory-scale operations, rendering This manuscript has been authored by UT-Battelle, LLC under Contract No. DE-AC05-00OR22725 with the U.S. Department of Energy. The United States Government retains and the publisher, by accepting the article for publication, acknowledges that the United States Government retains a nonexclusive, paid-up, irrevocable, worldwide license to publish or reproduce the published form of this manuscript, or allow others to do so, for United States Government purposes. The Department of Energy will provide public access to these results of federally sponsored research in accordance with the DOE Public Access Plan (http://energy.gov/downloads/doe-public-access-plan).
Corresponding author: Tsarafidy Raminosoa (raminosoat@ornl.gov).
them unsuitable for large-scale commercial development and production. The current approaches to make Cu-CNT composites include electrolytic processes either to produce a composite deposit containing Cu-ions and CNTs on a cathode or forming powders that may be consolidated later into usable wire forms; die-casting, to metal forming, by mixing liquid Cu with CNTs; acoustic assisted coating where CNTs that are suspended in a fluid are agitated/deposited around a central Cu wire; high pressure laser chemical deposition with simultaneous laser-induced cladding with Cu; and powder metallurgical approach using spark plasma sintering to form a Cu composite.
Recently it has also been suggested that strong electron-phonon coupling in CNTs, along with discrete density of states, are the two fundamental factors that could be limiting the room temperature performance of Cu-CNT composites [4] , [7] . In that work, photolithographically patterned composites showed high temperature conductivity, exceeding the current carrying capacity of Cu by a factor of 100.
Here, an ultrasonic liquid-shear approach (sonospray) is utilized as an industrially scalable technique for deposition of aligned CNTs onto Cu tapes that are 28 μm in thickness. This technique is expected to align nanotubes with their axis parallel to the shear or flow-field direction induced between the droplet and the inclined substrate. For depositions, a stable suspension of high purity commercially available single-wall CNTs are prepared in-house. A critical point to create a stable dispersion of CNTs in a solvent is selection of appropriate surfactants. Hence, the surfactant and nanotube concentrations were optimized to achieve desired stability. After the deposition of CNTs, the coated Cu tapes were annealed in vacuum or reducing atmosphere (a mixture of Ar and H2) to remove (evaporate) the organic solvent and the surfactant from the CNT matrix.
To establish a highly conductive network, the CNT-coated Cu tapes are covered with a thin layer of Cu film (100-200 nm) using magnetron-sputtering technique. These Cu-CNT composites were then post-annealed at temperatures (~ 500°C) to eliminate any current rendering defects (e.g., voids/gaps/porosity) through diffusion of Cu between CNTs and the Cu matrix. The sputtering and annealing steps were conducted in a vacuum and/or a mixture of Ar/H2 to prevent oxidation of Cu and CNTs. Electrical conductivities of the composites were characterized in the temperature range from 0 o C to 120 o C using a physical property measurement system. Figure 1 compares the temperature dependence of resistivity of the prototype composite samples with reference Cu substrate. While all samples exhibit metallic behavior and the resistivities increase linearly with temperature, the Cu-CNT composites demonstrate 5-7% decrease in resistivity than the reference Cu. The motors are designed to meet the targets described in [9] and summarized in Table I . For each topology, the design with Cu winding is used as a baseline. To investigate the impact of the winding conductivity on the power per unit volume and performance, traction motors with winding conductivities of 1.14, 1.28, 1.5 and 2 times higher than Cu are designed and analyzed. The study assumes that it is possible to fabricate bar and round conductors of CNT-Cu composites. To maximize slot fill factor, bar conductors are used for the motor designs with distributed winding. Fine round conductors are used for the motor design with concentrated tooth winding to better cope with the higher harmonic content of its magnetomotive force.
All the motors are designed to have the same outer diameter of 242 mm and 100 kW peak power. For a fair comparison, the heat load in the stator slots are kept the same as in the reference designs. This ensures that all the designs have similar cooling conditions. The key design parameters of the three reference designs with Cu winding are summarized in Table II . The design details and performance metrics of these motors are described in the following sections.
IV. HEAVY RARE-EARTH-FREE INTERIOR ROTOR SPOKE INTERNAL PERMANENT MAGNET MOTOR
A spoke IPM with an outer diameter of 242 mm, an axial length of 46.83 mm and a Cu winding is designed to be used as a baseline in section VII. Spoke IPM topology is considered because it has been proven to be suitable for high-speed traction motors [10] [11] . Robust rotor assembly and magnet retention can be achieved through a dovetail system proposed in [10] or by use of through bolts as described in [11] . The flux concentration effect in the spoke rotor maximizes the airgap flux density. Moreover, its rotor is salient and produces additional reluctance torque that helps maximize torque density. To take full advantage of the reluctance torque, distributed winding was chosen. The motor has 72 slots and 16 poles. Its fractional 1.5 slot per pole per phase winding is combined with rotor pole shaping to reduce torque ripple without any skewing. Bar conductors are used to maximize slot fill factor.
The motor is designed to provide a peak 100 kW power at a base speed of 4750 rpm. The flux density map under such operation condition is presented in Fig. 4 , showing that the stator and rotor laminations are designed to operate under magnetic saturation. This enables minimization of ferromagnetic material usage, and thereby reduction in motor volume. Figure 5 shows the torque waveform. The design meets the required peak torque of 201.6 Nm. A torque ripple of 4.8%, which is below the specified 5% limit, is achieved thanks to above mentioned torque ripple mitigation techniques. The motor active volume is 2.15 L, which is very close to the 2 L target. Non-heavy rare-earth permanent magnet materials have lower coercivity compared to conventional heavy rare-earth counterparts. As a result, they are more prone to demagnetization due to the armature reaction. Thus, attention should be paid to demagnetization when designing non-heavy rare-earth motors. Spoke rotor topology has the advantage of a low exposure of the heavy rare-earth-free PMs to demagnetizing armature field. The robustness of the proposed design against demagnetization is analyzed through finite element (FE) simulation under extreme three-phase short-circuit fault at 20,000 rpm. The FE simulation models the non-linear demagnetization process in a dynamic way. The results are presented in Fig. 6 , confirming that the design is resistant to demagnetization with only 2.5% loss of magnetization under this worst-case scenario. In addition, no further reduction in Back Electromotive Force (Back-EMF) is observed even if the worst-case scenario is repetitively applied.
Finally, the design achieves a constant power operation up to 20,000 rpm and meets the maximum efficiency specification (> 97%) as discussed in section VII. 
V. HEAVY RARE-EARTH-FREE OUTER ROTOR SURFACE HALBACH PERMANENT MAGNET MOTOR
This section describes the design of an outer rotor SPM with an outer diameter of 242 mm, an axial length of 40.80 mm and a Cu winding which will be used as a baseline in section VII. With the airgap radius at the outermost possible, outer rotor configuration enables higher torque density compared to conventional inner rotor counterpart. In addition, the magnets are naturally retained against centrifugal forces by the rotor yoke. Hence, unlike inner rotor configuration, the use of retaining sleeve and the associated drawback of an additional magnetic airgap length are avoided.
In surface PM motors, the armature reaction flux path is impeded by the long magnetic airgap formed by the magnets' thickness and the mechanical airgap. Winding technology featuring high direct inductance is necessary for flux weakening to ensure a wide constant power speed range. Here, this is achieved with a concentrated tooth winding. The proposed design has 18 stator slots and 20 rotor poles. Such slot/pole combination enables low torque ripple as well as high fundamental winding factor to maximize the torque density.
Four segment Halbach magnet arrangement is used to maximize the airgap flux density for torque maximization, as well as to provide a near-sinusoidal flux density distribution in the airgap and further minimize the torque ripple. In addition, the Halbach arrangement reinforces the magnets' resistance to demagnetization. The motor is designed to provide a peak 100 kW power at a base speed of 4750 rpm. The flux density distribution under this operating condition is presented in Fig. 7 . The stator and rotor laminations operate under magnetic saturation for the same reason described in section IV. The torque waveform, presented in Fig. 8, clearly shows that the design meets the required peak torque of 201.6 Nm and the torque ripple is below the specified limit (only 3.2%). More importantly, the design meets the power density target with an active volume of 1.88 L.
The robustness of this design against demagnetization is also verified with the result presented in Fig.9 . The design is resistant to demagnetization with 7% loss of magnetization after a worstcase three-phase short-circuit at 20,000 rpm. Again, there is no further reduction in Back-EMF during repetitive application of the worst-case scenario. This also means that the 7% potential loss of magnetization can be accounted for as a design margin to ensure the motor will always be able to provide the required power even if the worst fault occurs.
Finally, the design achieves a wide constant power speed range up to 20,000 rpm and meets the maximum efficiency specification (> 97%) as discussed in section VII. 
VI. HEAVY RARE-EARTH-FREE OUTER ROTOR SLOTLESS HALBACH SURFACE PERMANENT MAGNET MOTOR
The improvement in power density by highly conductive winding is based on the increase of the electrical loading until the thermal limit, allowed by the cooling method, is reached. The two motors presented in the previous sections are designed to operate under magnetically saturated condition. Hence, their gain in torque density from an increase in electrical loading will be limited by magnetic saturation. To have a complete study, a motor topology that is not affected by ferromagnetic saturation is also considered: a slotless outer rotor SPM with a distributed winding.
To this end, a slotless outer rotor SPM with 242 mm outer diameter, an active axial length of 77.26 mm and a Cu winding is designed as a baseline for this type of motor (see section VII). The design has 120 slots and 20 poles. The outer rotor configuration was chosen for the advantages of large airgap radius and inherent magnet retention by rotor yoke mentioned in the previous section. Four segment Halbach magnet arrangement was also used to maximize the airgap flux density for torque maximization as well as to provide a near sinusoidal airgap flux density distribution for torque ripple minimization.
The motor is designed to provide a peak 100 kW power at a base speed of 4750 rpm. The flux density distribution under this operating condition is presented in Fig. 10 , showing that the stator yoke is not saturated (flux density is below 1T). Besides, the flux density in the rotor yoke is extremely low since, the Halbach arrangement directs the magnet flux to return mainly through the magnets themselves. This low magnetic loading is due to the long additional magnetic airgap from the heights of the conductors and the magnets. The corresponding torque waveform is presented in Fig. 11 . The design can provide the required torque of 201.6 Nm at 4750 rpm while achieving an extremely smooth torque with only 0.6% ripple. This is enabled by the absence of cogging torque (no stator teeth) and the near sinusoidal distribution of the flux density. However, because of its low magnetic loading, the power density of the slotless design is significantly lower than the two other motor types. As a result, with an active volume of 3.55 L, the design does not meet the specified volume target.
Since this type of motor has a rim-shaped design, the power density could be improved by using a dual airgap configuration, similar to the one proposed in [12] . However, the mechanical assembly would be more complex and one of the rotor sides would require a sleeve for magnet retention, limiting the shear stress to some degree on this side and thereby the achievable power density improvement.
The main disadvantage of this type of motor is the very low inductances due to the large magnetic airgap. For this reason, short-circuit fault current are not limited and the HRE-free magnets will be significantly demagnetized if such fault occurs. This is confirmed by the results displayed in Fig. 12 , revealing a 65% loss of magnetization after three-phase short-circuit at 20,000 rpm. In addition, because of the very low inductance, the armature is practically unable to alter the magnetic loading. This translates to an inability to weaken the magnet flux at high speed. This poor flux weakening capability leads to a much narrower speed range compared to the other motor configurations analyzed (Fig. 17) . 
VII. IMPACT OF WINDING CONDUCTIVITY ON THE POWER DENSITY AND PERFORMANCE
For each of the three types of motor considered, four motors with winding conductivities of 1.14, 1.28, 1.5 and 2 times higher than the conductivity of Cu are designed. In order to analyze the impact of the winding conductivity on the power density and the performance, the motors' active volumes and efficiency maps over the entire speed range are compared to those of the reference designs with Cu windings. Figure 13 shows the active volume as function of the winding conductivity, while Fig. 14 shows the relative reduction in active volume compared to the Cu winding design. The efficiency maps for various conductivity cases are presented in Figs. 15, 16, and 17 for the inner rotor spoke IPM, outer rotor tooth wound SPM, and outer rotor slotless SPM, respectively. For each motor type, the impact of the winding conductivity is described in the following subsections. A. Inner rotor spoke IPM As mentioned in section IV, the spoke IPMs' laminations are designed to operate under saturated conditions for optimal steel usage. Hence, the higher electrical loading enabled by higher conductivity winding can cause oversaturation and significantly limit the power density gain. For each case, such situation is avoided by reoptimizing the airgap radius to maximize torque density and redesigning the laminations to keep the same saturation level as in the Cu reference design. As shown in Fig.  13 , while the reference Cu winding design does not meet the 2 L volume target, ultra-conducting CNT-Cu winding can help reduce the motor volume to meet the power density target. However, it is worth noting that the volume reduction is lower than the theoretical expectation because of the magnetic saturation effect in the steel (Fig. 14) . A CNT-Cu composite with 30% higher conductivity than Cu can enable 10% reduction in the motor active volume.
According to Fig. 15 , all the spoke IPM designs achieve constant power operation up to 20,000 rpm and meet the maximum efficiency specification (> 97%). As the winding conductivity increases, the high efficiency operating area (≥ 97%) is enlarged toward the light loads as well as high speeds. In fact, higher winding conductivity leads to a shorter motor, resulting in a lower magnet flux to weaken at high speed. Hence, lower negative direct current is required for flux weakening. With such lower current and a higher winding conductivity, the copper loss involved for flux weakening is significantly reduced, leading to improvement in efficiency, which is more significant for higher conductivity winding.
B. Outer rotor SPM
For each conductivity case, oversaturation is avoided by redesigning the stator laminations to keep the same saturation level as in the Cu reference design. As shown in Fig. 13 , all the outer rotor SPM designs meet the volume target. The motor becomes more power dense as the winding conductivity increases. On the other hand, the actual improvement in power density is lower than the theoretical expectation (Fig. 14) . This is yet again due to the magnetic saturation in the lamination. In fact, the reduction in active volume as function of the winding conductivity is very similar to that observed for the spoke IPM's. A 10% reduction in active volume can be achieved by a CNTCu composite having a 30% higher conductivity than Cu.
According to Fig. 16 , thanks to the choice of concentrated tooth winding, all the outer rotor tooth wound SPM designs achieve constant power operation up to 20,000 rpm and meet the maximum efficiency specification (> 97%). Note that as the winding conductivity increases, the high efficiency operating area (≥ 97%) is enlarged toward the light load and high speeds.
C. Outer rotor slotless SPM:
As mentioned in section VI, the large magnetic airgap of the slotless SPM leads to low magnetic loading, and thereby low power density. As can be seen in Fig. 13 , for any winding conductivity, the power density is significantly lower than those of the two other motor topologies. Although the increase in conductivity leads to a clear reduction in active volume, none of the outer rotor slotless SPM designs meet the volume target. Besides, the slotless SPM is not saturated and the large magnetic airgap impedes the effect of the armature reaction on the flux density level. This indicates that a significant increase in the armature current practically does not affect the magnetic loading. As a result, redesign of the laminations is not needed, and the design can take full advantage of power density improvement by the increase in electrical loading enabled by highly conductive winding. This is confirmed in Fig. 14 , where the impact of the winding conductivity on the power density reaches the theoretical expectation. A CNT-Cu composite with 30% higher conductivity than Cu can enable 12% reduction in the active volume of the motor.
According to Fig. 17 , all the outer rotor slotless SPM designs meet the maximum efficiency specification (> 97%) but none of them achieves the required range of constant power operation up to 20,000 rpm because of the very low inductances as mentioned in section VI. As the conductivity increases, the efficiency is improved toward high speeds, for the same reasons explained in sub-section A. Also, increasing the conductivity leads to a shorter motor, thus a lower magnet flux. As a result, the available voltage has a better chance to weaken the magnet flux at higher speed despite the low inductance. Therefore, the speed range increases with the conductivity as shown in Fig. 17 .
VIII. CONCLUSION
In summary, the present work has investigated the impact of the winding conductivity on the power per unit volume and performance of heavy-rare earth-free PM traction motors. Conventional IPM and SPM motor topologies operating under saturated condition as well as slotless topology that is not affected by saturation were analyzed. It was found that the ferromagnetic saturation of the lamination materials reduces the effectiveness of highly conductive winding to improve the power per unit volume. For machine topologies that are not affected by ferromagnetic saturation, the power density improvement reaches the theoretical expectation. The reported CNT-Cu conductivity of 30% higher than Cu can enable 10% reduction in volume for conventional motors and 12% reduction for motors where the magnetic saturation is not an issue. In both cases, highly conductive winding materials can also provide other important benefits such as reduction in PM material usage, that can lead to significant cost reductions, as well as overall improvement in the efficiency by extending the high efficiency operating area into light loads and high speeds. 
